The ability to protect the genome from harmful DNA damage is critical for maintaining genome stability and protecting against disease, including cancer. Many echinoderms, including sea urchins, are noted for the lack of neoplastic disease, but there are few studies investigating susceptibility to DNA damage and capacity for DNA repair in these animals. In this study, DNA damage was induced in adult sea urchin coelomocytes and larvae by exposure to a variety of genotoxicants [UV-C (0-3000 J/m 2 ), hydrogen peroxide (0-10 mM), bleomycin (0-300 µM) and methylmethanesulfonate (MMS, 0-30 mM)] and the capacity for repair was measured over a 24-h period of recovery. Larvae were more sensitive than coelomocytes, with higher levels of initial DNA damage (fast micromethod) for all genotoxicants except MMS and increased levels of mortality 24 h following treatment for all genotoxicants. The larvae that survived were able to efficiently repair damage within 24-h recovery. The ability to repair DNA damage differed depending on treatments, but both larvae and coelomocytes were able to most efficiently repair H 2 O 2 -induced damage. Time profiles of expression of a panel of DNA repair genes (ddb1, ercc1, xpc, xrcc1, pcna, ogg1, parp1, parp2, ape, brca1, rad51, xrcc2, xrcc3, xrcc4, xrcc5, xrcc6 and gadd45), throughout the period of recovery, showed greater gene induction in coelomocytes compared with larvae, with particularly high expression of xrcc1, ercc1, parp2 and pcna. The heterogeneous response of larvae to DNA damage may reflect a strategy whereby a subset of the population is equipped to withstand acute genotoxic stress, while the ability of coelomocytes to resist and repair DNA damage confirm their significant role in protection against disease. Consideration of DNA repair capacity is critical for understanding effects of genotoxicants on organisms, in addition to shedding light on life strategies and disease susceptibility.
Introduction
The genome is constantly being exposed to potentially damaging agents from both endogenous sources [e.g. products of metabolism such as reactive oxygen species (ROS)] and exogenous sources (e.g. environmental radiation and genotoxicants) in addition to damaging mutations caused by replicative errors (1) . Organisms vary in their ability to resist DNA damage, and differences in sensitivity to genotoxicants and capacity for repair can determine susceptibility to neoplastic disease and enable predictions of long-term impacts on populations and the environment. The role of DNA repair in the ability of invertebrates to mitigate DNA damage is not well understood but is critical to understand their life history characteristics, susceptibility to disease and propensity for transgenerational impacts by transfer of damages DNA to offspring (2) (3) (4) . Sea urchins have a unique collection of characteristics that make them an interesting model for DNA damage and repair studies. As a marine invertebrate, they have been widely studied as bioindicators for environmental stress, including assessment of genetic impacts of environmental contaminants (5, 6) , and the sea urchin embryo test is an established sensitive test for environmental genotoxicology, embryo-toxicology and teratogenicity (7, 8) . Sea urchin embryos can induce cell cycle checkpoints, repair or apoptosis in response to DNA damage (9, 10) ; however, susceptibility to damage and induction of specific DNA repair pathways in larvae and adults are not well characterised. The open circulatory system of sea urchins is comprised of coelomic fluid containing immune cells (coelomocytes): phagocytes, spherule cells (red and colourless) and vibratile cells (11) . Changes in the number and/or composition of coelomocytes have been reported in sea urchins from contaminated environments and those exposed to elevated pCO2 or increased temperature, suggesting that sea urchin coelomocytes may serve as sensitive indicators of environmental stress (12) (13) (14) (15) (16) . Damage to coelomocytes can compromise essential immune functions such as fighting microbial infections and wound healing, directly affecting the health of organisms and stability of populations; therefore, they are valuable cells to explore the effects of genotoxic stress. Previous studies indicated that coelomocytes appear relatively resistant to genotoxic stress (17) and are capable of repairing DNA damage after exposure to some genotoxiants (e.g. H 2 O 2 and UV radiation) (18) . Sea urchins are also noted for the absence of neoplastic disease (19, 20) despite numerous reports of neoplasm in other commercially fished marine invertebrates such as oysters, mussels and clams (21, 22) . The potential role of DNA repair in the ability to protect and defend against cancer formation in these animals is unknown, and a better understanding of the response to genotoxicants will aid in the selection of model species for environmental assessment and inform on susceptibility to disease in these animals.
This study seeks to understand the overall susceptibility to DNA damage and the capacity for DNA repair in sea urchins. DNA damage collectively describes a range of DNA lesions that can impact on processes that rely on the integrity of the DNA strands, such as transcription and replication (23) . UV radiation can induce bulky adducts (e.g. cyclobutane pyrimidine dimers) (24, 25) that are primarily repaired by nucleotide excision repair (NER). Production of ROS [e.g. hydrogen peroxide (H 2 O 2 )], from endogenous processes or exposure to many types of genotoxicants including UV radiation and metals, can result in oxidised bases and single-and double-strand breaks (26, 27) . Alkylating agents [e.g. methylmethanesulfonate (MMS)] add alkyl groups to DNA, reacting primarily with ring N atoms of nucleotides (i.e. N 7 -Guanosine and N 3 -Adenosine) which, if unrepaired, lead to mispairing during replication (28) . Oxidised and alkylated bases are excised and replaced by the base excision repair (BER) pathway (29, 30) . Double-strand breaks can be induced by ionising radiation and genotoxicants [e.g. bleomycin (BLM)] and are particularly dangerous because they can lead to genomic rearrangements including translocations or deletions (31, 32) , unless they are repaired by homologous recombination (HR) and/or non-homologous end joining (33, 34) . In this study, larvae and coelomocytes from Lytechinus variegatus are exposed to selected genotoxicants (UV-C, H 2 O 2 , MMS and BLM), and DNA damage is assessed over a 24-h period of recovery. Concurrent quantitative reverse transcription polymerase chain reaction (qRT-PCR) analyses of a panel of DNA repair genes provides extensive profiles of induction of DNA repair (NER, BER, HR and NHEJ) across all treatments. Results provide a comprehensive overview of differential susceptibility of coelomocytes and larvae to different types of DNA lesions, and the role of specific DNA repair pathways induced to ameliorate genotoxicological risk. One of the unsolved questions in biology is the reason underlying the disparity in occurrence of cancer across different animal groups, with high incidence in some animals (e.g. some mammals, fish, bivalves) and those showing low or no incidence (e.g. echinoderms and crustaceans) (19, 35) , and understanding the role of DNA repair in a model resistant to DNA damage can shed light on possible mechanisms of resistance.
Materials and methods

Animal collection and maintenance
All animals were collected and maintained in strict accordance with the Collecting and Experimental Ethics Policy (CEEP) of the Bermuda Institute of Ocean Sciences. Adult L.variegatus (46-76 mm test diameter) were collected from the shallow sub-littoral zone, Mangrove Bay (32°22.3′ N, 64°41.5′ W) and Harrington Sound (32°19.4′ N, 64°43.6′ W), Bermuda, between January 2013 and June 2014. Animals were maintained in flow-through aquaria with unfiltered natural seawater, under ambient temperature and light conditions, and were fed a mixture of seagrass, macroalgae and lettuce. Animals within an experimental group were collected and maintained together for a maximum of 4 weeks, and returned to the collection site after spawning or extraction of coelomic fluid.
Experimental design
All coelomocyte experiments were carried out by sub-lethal sampling of coelomic fluid (8-13 ml), extracted by syringe with an 18-guage needle inserted through the peristomial membrane surrounding the Aristotle's lantern. Cell concentration was determined (Neubauer Bright Line Haemocytometer), and coelomic fluid was aliquoted for exposures. Larvae were generated by mixing gametes in 1 l filtered seawater (approximate egg:sperm ration of 1:20) spawned after injection of 0.53 M KCl into the coelomic cavity. Embryos were gently stirred (100 rpm, stir plate, USA Scientific) at room temperature and pluteus larvae (3-7 days post fertilisation) were used for exposures. A range of 5-6 doses/concentrations was selected from initial range finding experiments for acute exposure, followed by a 24-h period of recovery to assess initial DNA damage (0-h recovery) and reduction of DNA damage by repair (0.5, 1, 3, 6, 24-h recovery). Single treatment level exposures indicating induction of damage followed by repair were selected and scaled up to generate samples throughout the period of recovery for RNA extraction and gene expression analyses.
Genotoxicant treatment
Unless otherwise specified, all chemicals were sourced from SigmaAldrich (Sigma-Aldrich Co., St. Louis, MO, USA). Genotoxicants selected were ultraviolet radiation (UV-C), hydrogen peroxide (H 2 O 2 , 349887, Sigma-Aldrich), BLM (bleomycin sulphate US1203401, EMD Merck Millipore, MA, USA), MMS (M4016, Sigma-Aldrich). For UV-C treatment, coelomyctes were irradiated (254 nm, UV Stratalinker 1800, Stratagene, La Jolla, CA, USA) in 0.5 ml microcentrifuge tubes (15-43 µl) for dose delivery of 0, 250, 500, 1000, 3000 and 9999 J/m 2 . Samples for analysis of gene expression (250 J/m 2 ) were irradiated in larger volumes (8-12 ml) by placing coelomocyte sample in a 9-cm glass petri dish (<5 mm depth) and aliquoting, post-irradiation, into different tubes for different timepoints of recovery. For H 2 O 2 , BLM and MMS treatments, coelomocytes were aliquoted and exposed in 1.5 ml microcentrifuge tubes. Stock dilutions were made up in sterile water and cells were exposed (room temperature, in the dark) for either 10 min (0, 0.1, 0.3, 1, 10 mM H 2 O 2 ) or 1 h (0, 10, 30, 100, 300, 600 µM BLM, and 0, 0.3, 5, 10, 30 mM MMS). Samples for gene expression analyses (controls and 10 mM H 2 O 2 , 100 µM BLM and 5 mM MMS) were exposed in a large volume (4-5.5 ml) before aliquoting into individual tubes for duration of exposure. To halt exposure, samples were centrifuged (8000g, 5 min), supernatant was removed, and the cell pellet was carefully washed twice with calcium-magnesium-free artificial seawater (CMFSW: 460 mM NaCl, 10 mM KCL, 7 mM, Na 2 SO 4 , 2.4 mM NaHCO 3 , pH 7.4). The washed cell pellet was gently resuspended in cell-free coelomic fluid (CFCF). The period of recovery was timed to begin immediately after resuspension of cells in CFCF (or UV-C dose delivery), and samples were left (room temperature, in the dark) to recover for 0, 0.5, 1, 3, 6 or 24 h. At each recovery timepoint, samples were placed on ice to halt DNA repair and processed for fast micromethod assay and RNA extraction.
Live suspended larvae (15 ml) were collected and irradiated in 8 cm plastic petri dishes or exposed to 1 mM H 2 O 2 , 100 µM BLM and 5 mM MMS in 15 ml conical tubes. Stock dilutions were made up in CMFSW and added accordingly, and larvae were exposed in the dark at room temperature for a period of exposure (15 min. H 2 O 2 , 1 h BLM, 1 h MMS). To halt exposure, larvae were centrifuged (6000g, Hermle Z200 A) for 10 min, exposure water was removed, pelleted larvae were gently resuspended with filtered seawater and centrifuged for a further 10 min for a second wash (BLM and MMS treatments only). The period of recovery was timed to begin immediately after resuspension of washed larvae (or UV-C dose delivery), and larvae were left to recover in the dark at room temperature. At each recovery timepoint, 2 ml of larvae were transferred to a dish, placed on ice to halt DNA repair and under a microscope individual larvae were counted for fast micromethod assay, avoiding obviously abnormal or dead individuals. The remaining larvae were transferred to 1.5 ml microcentrifuge tube and processed for RNA extraction and gene expression analyses. Exposure levels for gene expression analyses were matched for coelomocytes and larvae except for H 2 O 2 treatment; there was high larval mortality at 10 mM H 2 O 2 therefore 1 mM was chosen for gene expression profiling in larvae.
Cell viability and assessment of DNA damage
Cell death (coelomocytes) and larvae mortality was assessed after 24 h recovery. Cell viability was assessed in the highest concentration/dose samples by 1:1 dilution with trypan blue (0.8% trypan blue in CMFSW containing 30 mM EDTA) and counted on a haemocytometer; all larvae from 100 µl aliquots were counted under a microscope and dead larvae were judged to be non-moving.
DNA damage was assessed by the fast micromethod (18, 36) and adapted for sea urchins. Coelomocyte samples were mixed by pipetting and vortex to disaggregate any cell clumps immediately before loading onto plate. Samples were assayed in triplicate or quadruplicate by loading 20 µl (50 000 cells or 15 larvae) to each replicate well on a black-walled 96-well microplate (USA Scientific, Inc., FL, USA), placed on ice. Volume-matched blanks were CFCF for coelomocyte and filtered seawater for larvae assays. Lysis solution (20 µl, 9 M urea, 0.1% SDS, 0.2 M EDTA) containing 1:49 Picogreen (P7581, Life Technologies, NY, USA) was added and samples were left to lyse on ice in the dark for 40-50 min. DNA unwinding solution (20 mM EDTA, 1 M NaOH) was added (200 μl) to initiate alkaline unwinding (pH 12.4 ± 0.02), fluorescence was detected (kinetic mode, excitation 480 nm, emission 520 nm, SpectraMax M2 Microplate Reader, Molecular Devices, CA, USA) and relative fluorescent units (RFU) were recorded every 5 min for a 30-min period. DNA damage was calculated according to the strand scission factor (SSF) equation (36): SSF = log (% dsDNAsample/% dsDNAcontrol) × (−1), where dsDNAsample are the treated samples and dsDNAcontrol are the unexposed samples, and percentages were calculated from RFU after 20-min unwinding compared with initial (0 min unwinding) RFU, after subtracting respective blanks (CMFSW or CFCF).
RNA extraction and complementary DNA synthesis
Coelomocytes and larvae were sampled and stored as pellets at −80°C. Total RNA was extracted (RNeasy MiniKit for animal tissue, Qiagen) from pelleted coelomocytes (~2.5 M cells) and larvae (~50-100), following manufacturer's protocol, with initial tissue homogenisation and additional 15-min DNase treatment (Qiagen). RNA was eluted into RNase-free water; RNA concentration was determined by fluorometry with Quant-iT RNA Assay Kit and Qubit fluorometer (Invitrogen) and RNA quality was visually assessed on a 1.2% agarose gel containing formaldehyde. cDNA was synthesised by reverse transcription (High capacity cDNA kit, Applied Biosystems)
Quantitative reverse-transcription PCR
Gene sequences for L.variegatus were selected using the annotated Strongylocentrotus purpuratus genes blasted against L.variegatus sequence [www.echinobase.org (37) ]. Primers were designed (Table 1 , Bio-Synthesis, TX, USA) to the L.variegatus sequence (PrimerExpress 3.0, Applied Biosystems, CA, USA) and where possible primers were designed to span an intron/exon boundary. Differential expression of selected genes was analysed by quantitative reverse-transcription polymerase chain reaction (qRT-PCR, ABI 7300, Applied Biosystems, CA, USA) with the SYBR Green detection system (Applied Biosystems, CA, USA). Primer concentrations were optimised and PCR efficiency was calculated (38) for each primer pair from pooled RNA from coelomocytes or larvae (E = 10
). Controls genes (actin, rpl8, cyclophilin-like-7 and profilin) were tested for effect of exposure on expression [one-way analysis of variance (ANOVA)] and for stability (Biogazelle, qbase+ 2.6.1). Gene expression was calculated relative to control genes and relative to time-matched unexposed samples following the efficiency-adjusted delta-delta-Cq method (E −ΔΔCq ) (38) , and the geometric mean from 2-3 most stable control genes is reported. ). Significant differences in mortality and dose responses between larvae and coelomocytes were tested by general linear model (GLM). Significant reduction of DNA damage over the period of recovery was calculated by % DNA repair = 100 − ((T 24 SSF/T 0 SSF) × 100), where T 24 SSF is SSF after 24 h recovery and T 0 SSF is the initial (0 h, no recovery) SSF; individual measurements with negative % DNA repair values indicated no DNA repair and were set to zero. Differences in DNA repair (%) were tested by oneway ANOVA or Kruskal-Wallis on arcsine-transformed data, with post hoc Fisher's least significant difference (LSD) test for withintimepoint differences. Overall significant up/down regulation of gene expression was tested by GLM, and within-timepoint differences from control were tested by one-way ANOVA or Kruskal-Wallis.
Results
There was a significant concentration-dependent increase in DNA damage in coelomocytes and larvae as assessed by SSF immediately after exposure to UV-C, H 2 O 2 , BLM and MMS (Figure 1 ). Initial DNA damage was significantly higher in larvae (GLM, P < 0.05) exposed to UV-C, H 2 O 2 and BLM compared with coelomocytes exposed to the same levels ( Figure 1A-C) , but coelomocytes showed equally high levels of DNA damage compared with larvae when exposed to MMS ( Figure 1D ). DNA SSFs in coelomocytes exposed to UV-C were relatively low (max. SSF 0.22 ± 0.06, 9999 J/m 2 ) compared with the direct strand break agents H 2 O 2 (max. SSF 0.43 ± 0.06, 10 mM) and BLM (max. SSF 0.48 ± 0.10, 600 µM). MMS induced highest levels of DNA damage in coelomocytes (max. SSF 1.42 ± 0.13, 30 mM). Very little cell death was observed in coelomocytes (cell viability measured 24 h after exposure) at all concentrations/doses tested whereas mortality levels were high (>50%) in the larvae at the highest concentrations tested (Table 2) . Lethal concentrations (LC 50 ) were considerably lower for larvae than for coelomocytes (Table 2 ).
There was a significant reduction in DNA damage in coelomocytes and larvae over a 24-h period of recovery after exposure to most levels of genotoxicants (Figure 2 ). Coelomocyte DNA damage returned to control levels within 24 h after exposure to UV-C up to 250 J/m 2 , H 2 O 2 up to 1 mM, BLM up to 100 µM and MMS up to 5 mM. Despite significantly higher initial levels of DNA damage, larvae had the capacity to eliminate damage up to the same levels of H 2 O 2 , BLM, and MMS as coelomocytes and up to 500 J/m 2 for UV-C. When expressed as overall capacity for repair (% damage after 24 h recovery compared with initial damage immediately after exposure), there was a consistent trend of higher % DNA repair in larvae at the highest levels of all exposures compared with coelomocytes (Table 3) . Both larvae and coelomocytes had particularly high repair rates from H 2 O 2 exposure, and coelomocytes were particularly inefficient at repair of UV-C induced damage, with significantly lower repair after exposure to 250 J/m 2 compared with larvae (within-concentration, P < 0.05, one-way ANOVA, arcsine transformed % data). The capacity for repair of MMS-induced damage was very similar between larvae and coelomocytes, consistent with the similar levels of DNA damage.
The expression of a panel of genes involved in DNA repair pathways (BER, NER, HR and NHEJ) was examined in coelomocytes and larvae following genotoxicant exposures. To facilitate this analysis, genotoxicant exposures were repeated and scaled up for single concentrations/doses selected for good profiles of DNA damage reduction over 24 h recovery. When scaled up, DNA damage levels in larvae exposed to 10 mM H 2 O 2 were not greatly reduced after the period of recovery; therefore, to generate samples for gene expression, an exposure level of 1 mM H 2 O 2 was selected and comparisons between coelomocytes and larvae exposed to H 2 O 2 must take into account the differences in exposure concentration. All other exposure treatments were the same for larvae and coelomocytes. DNA damage levels in both coelomocytes and larvae were consistent with clear reduction of DNA damage over 24 h of recovery ( Figure 3A-D) . DNA damage was still significantly greater than control levels 24 h following treatment in coelomocytes exposed to 10 mM H 2 O 2 ( Figure 3B ) and larvae exposed to 100 µ BLM ( Figure 3C ) (Kruskal-Wallis, P > 0.05); however, all samples showed significant reduction in DNA damage from initial levels immediately after exposure. Expression profiles of genes involved in BER, NER, HR and NHEJ showed a clear time-dependent pattern of induction in response to DNA damage (Table 4) . Full expression profiles of all DNA repair genes selected in larvae and coelomocytes exposed to UV-C, H 2 O 2 , BLM and MMS over a 24-h period of recovery are listed in Supplementary Table 1, available at Mutagenesis Online. Treatment with H 2 O 2 induced expression of genes involved in NER and BER (i.e. xrcc1, parp2, ercc1, and pcna) in both larvae and coelomocytes with significant increases observed as early as 30 min, and sustained for about 6 h following treatment (Table 4) . Genes involved in BER and NER were also significantly increased in coelomocytes and larvae following treatment with BLM, especially xrcc1, pcna, parp2 and parp1 (Table 4 and  Supplementary Table 1 , available at Mutagenesis Online). Xrcc1 had highest elevated expression levels throughout the recovery period following exposure to BLM with a maximum induction of 27.3 ± 11.1 fold change at 30 min post-treatment in coelomocytes, and a maximum level of induction in larvae at 3-h post-treatment (8.4 ± 1.8 fold change) (Table IV) . Both coelomocytes and larvae showed significant induction of parp1 and parp2 after exposure to BLM with earlier onset of expression in coelomocytes and maximum expression at 3-6 h following treatment (Table 4 and Supplementary Table 1 , available at Mutagenesis Online). Induction of pcna gene expression occurred earlier and to a greater extent in coelomocytes compared to larvae treated with BLM ( Table 4 ). The majority of the selected genes involved in HR and NHEJ were highly variable among samples and across treatments, with no clear pattern of induction (e.g. brca, xrcc2, xrcc3 and xrcc4, Supplementary Table 1, available at Mutagenesis Online), however there was induction of xrcc5 in samples exposed to BLM (max. 3.8 ± 1.0 and max. 3.1 ± 0.2 fold change in coelomocytes and larvae, respectively, Table 4 ) and rad51 was upregulated 1.8 ± 0.4 and 2.1 ± 0.5 fold in larvae and coelomocytes, respectively, 24 h after exposure to BLM (Table 4) . UV-C treatment resulted in increased expression of xrcc1 in coelomocytes starting at 1-h post-treatment, and increased ercc1 expression that peaked after 1 h in larvae and 3 h in coelomocytes. xrcc6 showed a maximum induction of 2.0 ± 0.7 fold in larvae and 1.6 ± 0.1 fold in coelomocytes exposed to UV-C (Table 4 ) and xrcc4 was upregulated 2.1 ± 0.1 fold and 2.9 ± 0.3 fold in coelomocytes and larvae at 24-h post UV-C treatment (Supplementary Table 1 , available at Mutagenesis Online). pcna expression was induced in coelomocytes (max. 6.2 ± 2.1 fold) and larvae (max. 2.4 ± 0.8) following UV-C exposure. MMS treatment resulted in few consistent significant changes in expression of the selected genes; however, there was a trend for increased ercc1 expression over the 24-h period of recovery for both coelomocytes and larvae. The damage detection gene, gadd45, showed significant upregulation over the period of recovery in coelomocytes exposed to UV-C (Supplementary Table 1 , available at Mutagenesis Online, GLM, P < 0.05) and MMS (Supplementary Table 1 , available at Mutagenesis Online, GLM, P < 0.05) however, this pattern was not consistent with the other treatments and in treated larvae.
Discussion
This is the first study to comprehensively analyse susceptibility to DNA damage, DNA repair capacity and induction of DNA repair genes in sea urchin larvae and adult coelomocytes exposed to a variety of genotoxicants (UV-C, H 2 O 2 , BLM and MMS). The results reveal a difference in susceptibility to DNA damage between sea urchin larvae and adult coelomocytes with coelomocytes showing lower levels of strand breaks upon exposure to UV-C, H 2 O 2 and BLM, and higher viability 24 h following all treatments. This is in Lethal concentration resulting in 50% mortality (LC 50 ) modelled by four parameter logistic regression. a (17) .
keeping with the trend in marine organisms for greater genotoxicant vulnerability in early life stages (39, 40) . Differences in susceptibility between larvae and coelomocytes may be related to differences in cell composition and/or mitotic activity. Coelomocytes are a mix of four major cells types: phagocytes, red and white spherule cell and vibratile cells, with primarily immune functions (6) , and it has been reported that echinoderm coelomocytes have a low mitotic index [< 2% BrdU incorporation (41, 42) ]. In contrast, each pluteus larva consists of about 1500 cells, organised into five major tissues and 14 known cell types (43, 44) . Late embryonic stages undergo extensive cell proliferation and differentiation (45, 46) and cells continue to actively divide in pluteus larvae (47) , potentially making them more vulnerable to genotoxic insult. However, the larval populations showed a heterogeneous response to DNA damaging agents with high rates of mortality but efficient repair of DNA damage in surviving larvae. The reproductive strategy of sea urchins is to spawn very large numbers of gametes and inherent heterogeneity within the population may ensure that some portion of the population is able to rapidly adapt to challenging environmental conditions. The doses of H 2 O 2 , MMS and UV-C used in the present study are high compared with the levels required to induce damage in mammalian cells, (29, 36, 48) further corroborating evidence for the resistance of sea urchin cells to genotoxicity (17, 18) . The difference in scale of sensitivity to BLM is not as great as for the other genotoxicants, and low levels of apoptosis and strand breaks were detected in mammalian cells exposed to doses up to 100 µM (49). The complexation of BLM with metals [iron and copper (50, 51) ] confounds intercomparisons with other exposure studies; DNA isolated from D, F and H, squares) . Data are means ± SEM, coelomocytes from n = 4-7 individuals, pooled live larvae from 4 to 5 batches of 3-4dpf larvae.*Significantly higher than controls, indicating incomplete repair (within 24-h time point, Fisher's LSD, P < 0.05).
sea cucumbers and exposed to BLM-Fe(II) had high levels of DNA damage (SSF ~0.6) at concentrations up to 50 µM,(52) indicating greater sensitivity compared with sea urchins or higher toxicity of the BLM-Fe(II) complex compared to BLM. In the present study, the lowest levels of DNA damage were detected in coelomocytes exposed to BLM and UV-C. UV-C (< 280 nm) is not a wavelength naturally occurring on the earth's surface as it is absorbed by ozone in the atmosphere, but is a useful model genotoxicant for investigating acute effects of UV radiation on DNA, inducing the same types of DNA lesion as UV-B [e.g. cyclobutane pyrimidine dimer formation (24) ] which is of increasing environmental concern for aquatic animals (12, 53) . Exposure to UV-B can increase levels of heat shock proteins in sea urchin coelomocytes (12) and it has been suggested that these proteins play a role in preventing apoptosis and Significant difference in repair between coelomocytes and larvae (within concentration, P < 0.05, one-way ANOVA, arcsine transformed % data). hence confer a high level of tolerance to UV stress (54) . Sea urchin embryos have shown strong effects (e.g. developmental delay) when treated with UV radiation (53, 55) and their inability to avoid or escape radiation may make them more vulnerable to UV exposure (56) . Sea urchin embryos have been shown to induce p53 after UV-induced DNA damage (57) , and coelomocytes from adult sea urchins were able to significantly reduce DNA damage over a 24-h period of recovery after acute exposure to UV-C and H 2 O 2 (18) . The profiles of DNA damage in the current study show that both larvae and coelomocytes have the capacity to repair damage induced by MMS and BLM in addition to UV-C and H 2 O 2 . The results also consistently indicate an initial increase in strand breaks within 0.5-1 h of recovery in coelomocytes and larvae. DNA strand breaks are induced in the first stages of both NER and BER as the damaged base or nucleotide is cleaved before ligation can proceed (58) , and DNA repair-induced strand breaks have been used as marker for quantification of DNA repair (59) . It is likely that the initial increase in DNA damage is indicative of initiation of DNA repair, supported by the concurrent induction of many DNA repair genes (e.g. xrcc1, ercc1, parp2). There is a pattern of greater DNA repair in larvae compared with coelomocytes; larvae had higher initial levels of DNA damage but had higher reduction (% of initial damage) after 24-h recovery. However, live (swimming) larvae were selected for the fast micromethod to estimate DNA damage, therefore DNA repair was estimated in individuals that survived the exposure rather than being representative of the whole population which included dead or dying larvae. Consistent effective repair of H 2 O 2 -induced damage is evident in both larvae and coelomocytes, suggesting that sea urchins are highly capable of repairing oxidative DNA damage. High antioxidant capacity has been measured in sea urchin coelomocytes which may be important to combat high levels of ROS produced during the immune response of the phagocytotic cells present in this cell mixture (60). Sea urchin larvae are able to upregulate production of anti-oxidant enzymes in response to oxidative stress, and can effectively protect themselves against UV-B induced lipid peroxidation (61) . High antioxidant activity and a high capacity for oxidative stress-induced DNA repair suggest a particularly effective oxidative stress response system in both coelomocytes and larvae.
Gene expression analyses indicated that both coelomocytes and larvae respond to DNA damage by upregulation of genes involved in key DNA repair pathways. Genes involved in BER and NER showed the clearest induction following genotoxicant exposure in both larvae and coelomocytes, indicating a high capacity of these DNA repair pathways. Interestingly, genes associated with NER and BER were not only induced by genotoxicants that typically initiate these pathways (i.e. H 2 O 2 and UV-C), but they were also induced following treatment with BLM. The specific double-strand break inducer, BLM, was expected to trigger genes involved in strand break repair (i.e. HR and NHEJ), but the gene profiles indicate significant upregulation of xrcc1, pcna, parp1, and parp2. BLM treatment did induce expression of the NHEJ gene, xrcc5, during the 24-h recovery period and induced the HR gene, rad51, at 24 h post-treatment in both larvae and coelomocytes. The lack of consistent induction in some genes involved in end joining and strand break repair (e.g. brca, xrcc2, xrcc3 and xrcc4) despite clear strand break induction after exposure to BLM especially is surprising. MMS treatment did not consistently induce expression of the selected panel of DNA repair genes despite the observation that both larvae and coelomocytes repaired MMS-induced damage.
The DNA damage response system is highly complex and involves post-transcriptional and post-translational regulation (62) , therefore transcriptional analysis of DNA repair genes does not uncover these higher levels of control and care must be taken in interpretation of undetected upregulation of DNA repair genes. Further studies on gene induction and activity of gene products for these inconsistent gene expression profiles are needed to rule out their involvement in the DNA damage response system of sea urchins.
The pattern of induction of DNA repair genes indicates higher levels of expression and an earlier response in coelomocytes compared with larvae for several of the genes (e.g. xrcc1, ercc1, parp1, parp2, pcna). Low levels of DNA damage, high expression of DNA repair genes and high cell viability 24 h following genotoxicant treatments indicate that coelomocytes are heavily invested in DNA repair. Coelomocytes play an integral role in immune cell functions such as fighting microbial infections and wound healing (11) . In addition to these immune functions, coelomocytes have been directly implicated in tissue regeneration in echinoderms (63, 64) suggesting a wider role in maintenance of tissues in these organisms. Therefore, damage to coelomocytes can compromise a range of essential functions, directly affecting the health and survival of these animals.
Understanding susceptibility to DNA damage and capacity for DNA repair is necessary for evaluating how species will respond to genotoxic stressors in the environment, and evaluation of environmental genotoxicity requires integration of repair capacity with DNA damage assessment (65) . Due to their susceptibility to genotoxicity, with high levels of initial damage and high mortality, sea urchin larvae are a useful, sensitive target for ecotoxicology. The heterogeneity of the response does however indicate that a proportion of larvae can efficiently repair DNA damage and survive exposure to a variety of genotoxicants. Coelomocytes are highly resistant to genotoxicity with low levels of induced damage, the capacity to repair DNA lesions, and low levels of cell mortality following acute exposures suggesting that these endpoints would not be informative for ecotoxicology. However, the high level of induction of some DNA repair genes (i.e. xrcc1, pcna) suggests that analysis of gene expression would be a sensitive indication of exposure. The high level of resistance to DNA damaging agents and high level of induction of DNA repair genes does reaffirm the important role that coelomocytes play in conferring innate immunity and overall maintenance of the health of the organism. It has not been determined whether other cells and tissue types in adult sea urchins are similarly resistant to genotoxicity, and whether genotoxicity resistance may underlie the apparent absence of neoplasm noted in these animals. However, innate immunity plays an important role in the detection and ablation of aberrant cells and is directly linked to the DNA damage response (66) (67) (68) therefore, maintenance of the innate immune system may be sufficient to confer protection from neoplasm. The sea urchin immune gene repertoire reveals a high level of complexity and considerable expansion of several immune gene families (69) (70) (71) , however, the extent of interconnection between DNA damage and innate immune induction in protection against carcinogenesis in these animals is unknown . (72) . Resistance to DNA damage and induction of an effective DNA damage response in sea urchin coelomocytes makes them a particularly interesting target for investigating their role in susceptibility to carcinogenesis.
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